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ABSTRACT 

The standard electroweak final-state interaction induces a false T-odd correla- 
tion in the top-quark semileptonic decay. The correlation parameter is calculated 
in the standard model and found to be considerably larger than those that could 
be produced by genuine T- violation effects in a large class of theoretical models. 
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1. Introduction 

Final-state interactions play an important role in the determination of CP and 
T violation. A test for CP violation is to compare the partial decay rates of a par- 
ticle and its antiparticle. In this case final-state interactions are necessary since in 
their absence the partial decay rates are equal from CPT invariance even if CP is 
violated. General formalism for calculating such partial rate differences based on 
CPT invariance and unitarity has recently been developed,^ and its applications 
to B meson decays (Ref. 1) and to i-quark decays have revealed some interest- 
ing relations between final-state interaction and CP violation observables in weak 
decays. 
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A test for T violation is to observe a "T-odd correlation", such as those of 
the form <? • (pi x p2) where a is a spin and pi and p2 are momenta. In contrast 
to the partial decay difference, a T-odd correlation can be produced by final-state 
interactions even if T invariance holds. Thus, to use such correlations as a test of 
T violation the final-state-interaction effect must be negligible or calculable. 

This paper will be concerned with the i-quark semileptonic decay t — > hW — > 
hv^l in the standard model. Copious production of t-quarks at future high-energy 
colliders such as the SSC and the LHC have aroused considerable interest in ex- 
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ploring the origin oi CP and T violation via i-quark interactions. In particular, 
a recent study of the possibility of using the T-odd correlation has shown that 
it has a reasonable sensitivity to some non-standard sources of T Violation. Since 
such correlations can be produced by standard model physics alone, it is timely 
to undertake a computation of the final-state-interaction effect due entirely to the 
standard electroweak interaction, which, up to the one-loop level, respects T and 
CP invariance in Cabibbo-allowed weak decays such as i ^ bW^ — > hv(i. 
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2. Final-State-Interaction Effect 



The computation of finai-state-interaction effects on the T-odd correlation has 
long been of interest. Early examples of the calculation involved nuclear (3 decay f 
hyperon semileptonic decayj and decays.^ The parameter of interest is the 

coefficient of the T-odd correlation term in the decay spectrum, which in nuclear 
j3 decay, for instance, has the following form in the leading approximation 
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where a is the polarization of the parent nucleus and Pe{Ee) and PvSEve) ^^^e the 
electron and neutrino momentum (energy), respectively. In this example, the dom- 
inant contribution arises from electromagnetic final-state interaction. The effect 
depends, among other things, on the recoil of the decaying particle, and thus the 
size of the T-odd correlation parameter D is of order D ~ aE(,/M [ZaE^/M) in 
neutron (nuclear) /3 decay, where M is a nuclcon mass. Since Ep^ is typically of 
order 1 MeV , the recoil effect, which is characterized by the ratio Ef,/M, is rather 
tiny. Hence D is highly suppressed in neutron (5 decay with D typically of the 
order of 10^^ — 10^^. A considerably larger result (10""^ — 10^'*) can be obtained 
in some nuclear (3 decays due to the enhancement Z 1 (Ref. 6). The typical 
value of the T-odd correlation is between 10~^ and 10~^ in a neutral K^^ decay. 
The result in a charged K^^ decay is still smaller (10~^ — 10^*^), because there the 
final-state pion is neutral and the effect can only arise from two-loop graphs. 

In terms of weak-current interactions the i-quark semileptonic decay is analo- 
gous in many respects to nuclear {3 decay. However, the disparity between mt and 
implies that the T-odd correlation in the decay t — > hvil does not have a recoil 



suppression. Indeed, compared to nuclear f3 decay, where the recoil effect is of order 
10~^, in the t semileptonic decay such effects are given by Ee/mt, which is of order 
unity. As a consequence, we expect that the final-state-interaction contribution to 
the T-odd correlation parameter is roughly 

D{t ^ bW ^ buee) ^ a\Qd\— ^ ^ 10-^ (2) 

where — —1/3 is the 6-quark charge, and we have taken E^/mt ~ 1/3. 

In what follows we will concentrate on the decay t — > bW bVf,e. Insofar as 
the lepton mass can be ignored, our result holds for the other t-quark semileptonic 
decays as well. 

A large mt implies that the decay t — > bve^- proceeds dominantly through the 
W resonance. The smallness of the W width (TwI^W ~ 0.026) then makes 
the calculation of the leading final-state-interaction effect very simple. Neglecting 
the 6-quark and lepton masses, the leading contributions are generated by graphs 
displayed in Fig. 1 with 

M[t^bu,e)-^^) J^2_M^ + ^TwMw ' 

where k = p — p' is the momentum transfer carried by the W , L and R are the 
helicity projection operators, and the effective vertex T'^, which includes one-loop 
interaction corrections from (Fig. lb) and (Fig. Ic), can be parameterized as 

= Fi(A;2)7^L - iF2{k^)mta^''k^R, (4) 

where o"^^ = f [7'^,7^]- Terms of the form and a^^k^L vanish in the limit 
= 0. Also, the k'^ term drops out for mg = rrii,^ — 0. While the form factor 



Fi = 1 + O^^^ introduces a correction to the weak interaction charge g, F2 gives 
an anomalous moment to the btW vertex. 

In analogous to nuclear (3 decay one may define a T-odd correlation parameter 

D: 



mtEy.Ee FA \ \ pjl ^ Pe X Pi^e ] 

dn {27r)^\k'^-M^ + irwMw\^^y 2mtE^J \ mt J^^' E^E^^ \ 

(5) 



with 

D = mllmF2{M^) (6a) 

evaluated at A;^ = M^. The ellipses in Eq. (5) refer to the other terms of no 
interest to us and dQ — {d^Pe/2Ee){d^'Pi>^/2E,yJ{d^'p' /2pq). In reaching (6a) we 
have taken Fi = 1. 

The final-state interaction in nuclear /3 decay takes place between the daugh- 
ter nucleus and the electron. By contrast, the dominant effect in the decay 
t —>■ bW~^ — > beue arises from bW —>■ bW rescattering. By employing the uni- 
tarity formula given by Wolfenstein (Ref. 1 ) one can show that the relevant 
interactions are those which scatter a bW^ state to other bW^ states with differ- 
ent spin configurations. As a result, the T-odd correlation parameter is directly 
proportional to the absorptive part of the form factor F2 which connects hadron 
states with different hehcities. We find (the detail of the calculation is summarized 
in the Appendix) 
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where = sin^ 6w, (? = cos^ 9w and 
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In Eq. (66) the first term comes from the photon graphs and the second from the 
Z. For a very heavy top the result is dominated by the Z exchange diagram and 
has a logarithmic dependence on mt. Asymptoticaly it approaches 
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The numerical results for D from Eqs. (6a) to (6c) are summarized in Table 
1 for mt between 100 GeV and 200 GeV . One sees that D is between 1 x 10^^ 
and 5 x 10~^, as we expected from the simple dimensional argument Eq. (2). The 
result shows a slow increase with larger values of mt in this region. 

The T-odd correlation may be reparameterized in terms of an asymmetry pa- 
rameter A, which is related to the difference of the decay W'^ — > ev^ occuring in 

the opposite sides of the at y< plane (Ref. 5) 



3(mf - MD mtMwIm{FiF^) 



4(m2 + 2M2 
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where /mF| is given by Eqs. (66) and (6c) with an additional over all minus 
sign. The results for A are summarized in the last column of Table 1. They vary 
from 1 X 10~^ to 1 X 10~^ for mt — 100 — 200 GeV. In comparison with the 



maximal-allowed T violation effect in the models considered in Ref. 5 in which 
A < 5 X 10~^ ~ 5 X 10~^, the standard model final-state interaction produces a 
much larger false effect. 

It is difficult to calculate the T-odd parameter to an accuracy of ~ 30%. The 
major theoretical uncertainties of the present calculation come from neglecting 
QCD corrections, which introduce a sizable interference between the absorptive 
part of Fi from electroweak interactions and the real part of F2 from QCD. An 
order of ~ (1 ~ 10)% correction due to this effect alone is possible. A still more 
complicated contribution arises from the interference between ImF2 calculated 
above and the real part of Fi due to QCD. Other uncertainties arise from neglecting 
(1) the WZ threshold effect (relevant if mt > Mw + Mz + mf,) and (2) all the 
box-diagrams. The contribution of the latter also depends on the angle between 
Pe and p' in a rather complicated way. All of these contributions are suppressed 
by the ratio Tw/Mw, however. The calculation of these next- leading terms would 
be crutial should future experiments approach the precision of ~ 10~^. 

T-odd correlations of the form ag ■ {pv^ x pe), <^b " {Pv^ x Pe) and P- and CP-odd 
correlation of the form &t ■ (<?6 x p') are much more difficult to measure experimen- 
tally, and thus will not be considered in this paper. 
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3. Conclusion 



We have calculated the T-odd correlation at ■ {pe x Pue) induced by the standard 
electroweak final-state interactions in the decay t —>■ bW^ biui, and found that 
the result has a logarithmic dependence on the i-quark mass and is dominated 
by the bW bW rescattering due to a Z exchange in the heavy top limit. For 
mt in the range 100 GeV to 200 GeV the correlation parameter D defined in Eq. 
(5) is between 1 x 10~^ to 5 x 10~^, and the asymmetry parameter A given by 
Eq. (9) is between 1 x 10~^ to 1 x 10~^. It is shown that the standard model 
physics can simulate a false T-odd signal, with its magnitude exceeding genuine 
T-violation effects of a size that could possibly be produced in a large class of 
theoretical models. To get rid of this pure final-state interaction effect one may 
consider comparing the asymmetry parameter for both t bW~^ and t bW" , 
as in the study of CP- violating parameters a + a and P + P in the A decays.^° 
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Physics for hospitality during the completion of this work. This research was 
supported in part by the U.S. Department of Energy under contract DE-AC02- 
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FIGURE CAPTION 

Fig. 1. Feynman graphs generating the dominant contributions to the T-odd 
correlation. The calculation is carried out in the Feynman-'t Hooft gauge, (p is the 
Higgs- Goldstone-boson . 

TABLE CAPTION 

Table 1. The result for the T-odd correlation in the t-quark semileptonic decay. 
The parameters D and A are defind in Eq. (5) and Eq. (9), respectively. 
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APPENDIX 

We give some details of the calculation in this appendix. The technique is 
standard ""^""^ except that we use the Minkowskian metric g^l^ — diag{l, — 1, — 1, — 1). 
The one- and two-point functions are defined as 

(n-4) / d^'K 1 



A{m) = - rf-^) I 



> ^_ _ . (n-4) f ^ 1 ^ 

where e ^ 0+, and we use dimensional regularization to isolate the ultra-violet 
divergences. The only relevant three-point function is 



1 

° ' ' (27r)4 [i^2 - Ml + ie] [{K - k)^ - + ie] [{K + p'f-ml + 



(A2) 

We find 

I'mA{m) — 0, 

167r^A(m2,M2„m2) Mfm? + A(m2, M2„ ^2) ^ ^ 

(^.3) 

where A(x, — -\- -\- — 2xy — 2xz — 2yz. In evaluating ImCo we have 
put all the external lines on their mass-shell. 

Neglecting the 6-quark and lepton masses, the final-state-interaction effect due 
to a photon exchange is 

r^(7) = -e^Qd^mtp'^R{ai + 61), {AA) 
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where ai and bi are the coefficients defined in the following integrals: 

. f d^K _ ^ 



■ iji-A) 



(27r)'^ K'^[{K - kf - M^] [{K + p')^ - ml] {A.6) 
= bi{k^p'^ + k^p'^) + b2g^'^ + bsk^kf^ + bAp'^p'f^. 



We find 

Or.O:A-)-I?0/ir.O;p) 



mj - M2, 



l A{Ahy)-Ml-D{Q.M,yyp) 



(^.7) 



It then follows from Eqs. (A. 3), {A A) and (A. 7) that the absorptive part of r'^(7) 
is 

It can be written in a more conventional form by applying the Gordon identity 

[ub{p')p'^Rut{p)] = '-[ui,{p')a^^k^Rut{p)] + .... (A.9) 

The result due to Z exchange is 

T^{Z) = -e2(l + 2grfs2)mtp'^i?[(4-^)(-ai + 4 + Co)-4(«i + &i)l, (^-10) 

- \ c s / s 

where the coefficients a'i,a2 and b[ are defined analogously 

V {2nf[K^-Ml][{K-kf-Ml,][{K + p'f-ml]-'''^ + ^^^^ ' 
(27r)« [K^ - Ml][{K - kf - M2,][(X + p'f - ml] 

{A.11) 



■ ("-4) 
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We find 



B{Mz, Mw; k) - B{Mw, 0;p) - M^Cq 



{A.12) 



a'2 = 



2M2, 



{ml - M2 )2 



S(Mz,0;p') - B{Mw,Q;p) - MlCo^ 
B{Mz, Mw; k) - B{Mw, 0;p) - M^Cq 



Zi \ Tftx / - 
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^(Mz)-M|5(Mw^,Mz;A;) 
+ 2M| \b{Mw. 0;p) - S(M^, 0;pO 
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MlrMl 
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2 + 3 
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ml -Ml, 



Ml 



M|Co 



(A.13) 



(A.14) 



One can check that in the limit Mz = ai and a'^ become identical and so do hi 
and h'l. The logarithmic dependence on mt in the limit — > 00 arises because 
T^[Z) has a term which is directly proportional to Co (see (A. 10)). 

It then follows that the absorptive part of T^{Z) is 



A{mi - M^) 



1 1 



(A.15) 



where /i,2 are given by Eq. (6c). Adding (A.S) and (^.15) we obtain the results 
given by Eqs. (6a) to (6c) of the text. 
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mt GeV -.D A 



100:1.0 


X 


10" 


-3 


1.0 


X 


10' 


-4 


110:1.4 


X 


10" 


_3 


1.7 


X 


10" 


-4 


120:1.8 


X 


10" 


-3 


2.6 


X 


10" 


-4 


130:2.2 


X 


10" 


-3 


3.6 


X 


10" 


-4 


140:2.7 


X 


10" 


-3 


4.6 


X 


10" 


-4 


150:3.1 


X 


10" 


-3 


5.7 


X 


10" 


-4 


160:3.6 


X 


10" 


-3 


6.7 


X 


10^ 


-4 


170:4.0 


X 


10" 


-3 


7.6 


X 


10" 


-4 


180:4.4 


X 


10" 


-3 


8.5 


X 


10" 


-4 


190:4.8 


X 


10" 


-3 


9.2 


X 


10" 


-4 


200:5.2 


X 


10- 


-3 


1.0 


X 


10- 


-3 



Table 1 
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